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Abstract 

We evaluate the effective mass of a scalar field which interacts with visible sec- 
tor via Planck-suppressed coupling in supergravity framework. We focus on the 
radiation-dominated (RD) era after inflation and the contribution from a fermionic 
field in the thermal bath. We find that, in RD era, the fermion kinetic term gives 
the effective mass of the order of Hubble scale to the scalar field. 



1 Introduction 



Supersymmetry provides a key for inflation model building since supersymmetric models 
have many scalar fields [lj. Its local version, supergravity, also provides many interesting 
phenomena. In particular, supergravity effect generally gives the effective mass of the 
order of Hubble scale H to all scalar fields during inflation [2] . Thus, even if an originally 
massless scalar field has Planck-suppressed couplings only, a large effective mass is 
generated for 0. 

Recently, it has been shown that the effective mass of the order of H for such a Planck- 
suppressed interacting scalar field is also generated during the radiation-dominated 
(RD) era [3j. However, in Ref. [3], only a scalar field in the thermal bath is considered 
as a source for the effective mass of 0. One would expect a fermion field in the thermal 
bath also gives the effective mass of the order of H to 0. In this study, we confirm this 
observation based on thermal field theory. 

The construction of this study is as following: in Section [21 we formulate the contribu- 
tion from a fermion kinetic term to the effective mass for the Planck-suppressed interacting 
scalar field 0, assuming the fermionic field is in the thermal bath. Then, we evaluate the 
effective mass based on thermal field theory. Section [3] is devoted to conclusion. 

2 Contribution from a fermion kinetic term 

In this section, we formulate the effective mass for the Planck-suppressed interacting 
scalar field 0. We focus on the contribution from the kinetic term of a fermion in the 
thermal bath. 

2.1 Formulation of the effective mass 

We consider a scalar field and a chiral fermion x ( we use two-component notation) in 
supergravity framework. We assume that masses of and x are originally (i.e., at zero 
temperature) much smaller than the Hubble scale H, and that and \ are interacting 
only via the non-minimal Kahler potential given by 



where Mp ~ 2.4 x I0 18 GeV is the reduced Planck mass and c = 0(1) is a model- 
dependent parameter. Here, $ and \ are superfields which include the scalar field and 
the chiral fermion x, respectively. Then, the kinetic term of x is given by [I] 



where <t m = [1,<J 1 ) (a 1 are the Pauli matrices). In the following, we consider the effective 
mass-squared for the scalar field 0, mi, in RD era. From the kinetic term Eq. (J2]), 



K= |$| 2 + |x| 2 + c 



$l 2 lx 



(1) 
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the effective mass-squared from the <fi - \ Planck-suppressed interaction is generally 
written as 
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(X(x)ia^x*(x)}. (3) 



In this study, we assume the chiral fermion \ is m thermal equilibrium. Here and hereafter, 
(• • • ) = ti(e~P H ■ ■ ■ )/tr(e~ l3 ' H ) represents the thermal expectation value, where /3 = 1/T is 
the inverse temperature and T-L is the Hamiltonian of the system. In the next subsection, 
we evaluate Eq. fl3]) using thermal field theory. 



2.2 Evaluation of the expectation value under quasi-particle ap- 
proximation 

Below, we assume space-time homogeneity and spatial isotropy of the background metric. 
We also take the chiral fermion zero-temperature mass m = for simplicity, although 
the following argument can be applied for m <C H. 
First of all, we note the following equation: 



(X(x)ia»d„r(x)} = -KadT ( & +)&a (x u x 2 ) + % -A^™{x u x 2 ) 



(4) 



Xl=X2=X 



where a, a are the spinor indices. Here, we have defined the correlation functions A^ aa (xi, x 2 ) 
as 



A^ a (x u x 2 ) = i([f(n),f(x 2 )]), 
A^ a (x l ,x 2 ) = z({x*"(xi),X a (x2)}). 



(5) 



Here, A 1 - ^ aa (xi,x 2 ) is called spectral function. Since the chiral fermion x is m thermal 
equilibrium, the correlation functions depend only on the difference xx-x 2 : A (±)da (xi,x 2 ) = 
(xi — x 2 ). Thus, applying spatial Fourier transform, we obtain the following ex- 
pression: 



(X(x)ia^x*(x)) 



d 3 P 

(2tt) 3 



e !p ' (xi - X2) ( A^ a {t x - t 2 ) + JAH" 11 ^ - t 2 



X\=X2=X 



(6) 



d 3 p 

(2vr) 3 



tr{{-id y + p-*)(A£\y)+ l -Ai-\y) 



y=o 



where y = t\ — t 2 . To go further, we can use the following KMS relation between the 
equilibrium fermion correlation functions [5]: 



A { +\tu) = --tanh 



(3u 
~2~ 



(7) 
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From this relation, we obtain 

Ai +) (y) + \K\V) = g (tanh (^) - l) p p (u), (8) 

where we have used A p ~\uj) = ip p (u). 

Now, we are in position to use the formula for the spectral function p p (co) under quasi- 
particle approximation. When we take the zero width limit, the spectral function p p (co) 
is given by [5] 

~ Pp (u) = vr [z+{p)5(u - n+(p)) + z4p)5(oj + n_(p))] (i + p • <r) 

+ vr [Z_(p)5(u - n_(p)) + Z+(p)5(w + fi + (p))] (1 - p • o-) , U 

where Z±(p) is the residue of the pole fi±(p) and p = p/|p|. The brief derivation of 
Eq. 09} and the limiting formulae for Z±(p),Q±(p) are summarized in Appendix. Using 
Eqs. (jSJ), (jSJ), Eq. (jl]) is reduced to a relatively simple form as following: 

(x{x)io»d,r{x)) = [°° d p W z +(p) - p) (m^ 1 1 




(10) 

+ Z_(p)(0_(p)+p) ln F (fi. 1X ' 

where np(u) = l/(e^ w + 1) is the Fermi-Dirac distribution function. 

To proceed the analysis further, let us approximate ^f(^±(p)) = l/(e /3n± ^- ) + 1). The 
approximation formula we use here is based on the following three observations: first, 
rii?(n±(p)) has a cutoff around Q± ~ T. Second, when f2± is small (when p <T), we can 
neglect 0±(p) dependence of ri^(f2±(p)). Finally, f)±(p) — V f° r P ^ TO /> where m| = 
K>'g 2 T 2 is the thermal mass for the chiral fermion Here, g is a coupling constant and 
k' < 0(1) is a mo del- dependent constant^]. From the above observations, it is reasonable 
to use the following approximation formula for np(Q±(p)) for all intervals of p: 

Mn ± (p)) - ^Vl- (ii) 

Then, the expectation value for the kinetic term Eq. ffTU|) becomes 

1 /-OO 1 

(X(x)ta^x*(x)) = — / dpp 2 {Z + (p)(Q + (p)-p) + Z.(p)(Q^p)+p)}--—, 

(12) 

where we have neglected the "vacuum" contribution, which is independent of the distri- 
bution function, for simplicity!!. The contributions from the integration intervals [mf,T] 

1 For example, if the interaction term is given by Ant. = —gtpx^ + h.c. (tp is a complex scalar field and 
A is a chiral fermion), we obtain k' — 1/16 under the one-loop Hard Thermal Loop approximation [BJ. 

2 The "vacuum" contribution may lead to (x( a; )* crM 9 Al x*(x)) vac ~ ^ / Q Mp dp p 2 x ^ = — "/j^f F , 
where we have introduced the cut-off scale Mp. Unfortunately, this is T-dependent quadratic divergence, 
though we do not expect the chiral fermion kinetic term has such a huge expectation value. Thus, for 
simplicity, we neglect the "vacuum" contribution in this study. 
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and [0,m./] in Eq. f lT2"j) give the leading and the next leading order contributions in terms 
of the coupling g, respectively. Thus, assuming the coupling g is small enough, we ap- 
ply the approximation formulae Z + ~ 1, Z_ ~ 0, Q+(p) — p + Trif/p, ^-(p) — P (see 
Eq. (1231) ) to the whole interval [0, oo] although these formulae are valid only within the 
interval [m/, T]: 

(X^z^^x*^)) - / dp p 2 x - = -f— . (13) 



^ 7T 2 J * * p e?P + 1 12 

From Eq. (1131) . the effective mass of the scalar field <fi originated from the kinetic term of 
the chiral fermion is given by 

m 2 T 2 

~ 2 I fermion f 



III 



I kin. — /If 2 12 

7/ , (14) 

i5c % 2 # 2 



2ttV 
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where m 2 = n'g 2 T 2 and the relation 3MpH 2 = ^-^y-T 4 in RD era is used. Here, g* is the 
relativistic degrees of freedom in the thermal bath. Eq. (|14p is our main result in this 
study. 



3 Conclusion 

We have evaluated the effective mass of a scalar field <fi which interacts only via Planck- 
suppressed operator to visible sector given in Eq. ([[]). We focus on RD era and the 
contribution from a chiral fermion \ m the thermal bath. To make the analysis reliable, 
we base on thermal field theory for the chiral fermion x- We find that the chiral fermion 
kinetic term gives the effective mass of the order of H to the scalar field <fi under the quasi- 
particle approximation for \. The main result in this study is given in Eq. (I14p . This 
Hubble-induced mass has almost the same magnitude as the one from scalar field kinetic 
term in the thermal bath j3]. Such an effective mass of the order of H for the Planck- 
suppressed interacting scalar field in RD era may affect some cosmological scenarios. 
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Appendix: Spectral function for chiral fermion 

In this Appendix, we briefly review the derivation of the spectral function for the chiral 
fermion x E]. Let us start with the following thermally corrected self-energy of the 
chiral fermion: 

£ = a — bp ■ cr, (15) 

where p = p/|p| (p M = (po>p) is the fermion external momentum) and we have ne- 
glected the chiral fermion zero-temperature mass. For the one-loop Hard Thermal Loop 
approximation, the parameters a and b generally have the following form [7J [6] : 

a = — - In 

, + - (16) 



p V 2 P \Po-P 

where mj is the fermion thermal mass. For instance, if we assume an interaction term 
£i n t = —gtpxX + h.c. (if is a complex scalar field and A is a chiral fermion), we obtain 
mj = g 2 T 2 /lQ. 

The inverse propagator for x including the thermally corrected self-energy is given by 

. ,.1 + p-cr 1-p-cr (17) 
= (Po-p-a + b) \-{p +p-a-b) . 

Then, the propagator for \ can be written as following: 

-iS{P) = (p -p-a + b)- l l + V 2 a + (p 0+p -a- b)- l l ~^' (T . (18) 

Thus, the spectral function for the chiral fermion \ is given by 

p p (u) = S(oj + ie, p) - S(u — ie, p) 

+ , 1 + p-o- _ , 1-po- (19) 



where 

+ 



p» = -2 Im— —-— — - _ . (20) 



"(po - a) =p (p-6) 



p =u)+ie 



Here, e — >■ +0 is the infinitesimal parameter. 

In thermal field theory, the spectral function is known to be divided into quasi-particle 
pole contribution and continuous state one [6]: 

p? polc) M = Z ± (p)6{u - n±(p)) + ^ T (p)5(u; + n T ( P )), 
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where the pole width is taken to be zero. Thus, under the quasi-particle approximation, 
the spectral function is given by 

p P H = PpM — ^ — + — 2 — 

~ vr (p+^M (1 + p • <r) + Pp (pole) (^) (1 - P • *)) (22) 
= tt [Z+(p)5(u; - fi + (p)) + Z.(p)S(u + fi_(p))] (1 + p • a) 
+ 7i [Z_(p)8{u - n_(p)) + Z+(p)<5(o; + fi + (p))] (1 - p • o-) . 

This is what we would like to derive here. For the sake of convenience, we write down the 
limiting formulae for the residues Z±(p) and the dispersion relations for the poles f2±(p) 
under the one-loop Hard Thermal Loop approximation: 



Z + (p) 
Z-(P) 

n+(p) 
n_(p) 



2m / "1 4exp(-^)~0 (p»m / ) 
m/ + \p (p <m/) 

o 

P+p (P> m /) 
mj — |p (p <C m/) 

p+fexp^- 2 ^) (p»m/). 



(23) 



We note that, in the originally (i.e., at zero-temperature) massless limit, Dirac and Ma- 
jorana fields have the same dispersion relations as in Eq. (123]) [TJ |6]. 
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